The understanding of metabolism during cell proliferation and commitment provides a greater insight into the basic biology of cells, allowing future applications. Here we evaluated the energy and oxidative changes during the early adipogenic differentiation of human adipose tissue-derived stromal cells (hASCs). hASCs were maintained under differentiation conditions during 3 and 7 days. Oxygen consumption, mitochondrial mass and membrane potential, reactive oxygen species (ROS) generation, superoxide dismutase (SOD) and catalase activities, non-protein thiols (NPT) concentration and lipid peroxidation were analyzed. We observed that 7 days of adipogenic induction are required to stimulate cells to consume more oxygen and increase mitochondrial activity, indicating organelle maturation and a transition from glycolytic to oxidative energy metabolism. ROS production was only increased after 3 days and may be involved in the differentiation commitment. ROS source was not only the mitochondria and we suggest that NOX proteins are related to ROS generation and therefore adipogenic commitment. ROS production did not change after 7 days, but an increased activity of catalase and NPT concentration as well as a decreased lipid peroxidation were observed. Thus, a short period of differentiation induction is able to change the energetic and oxidative metabolic profile of hASCs and stimulate cytoprotection processes.
Introduction
Human adipose tissue-derived stromal cells (hASCs) are considered a potential source of adult stem cells (Gimble et al., 2007) . hASCs can be easily isolated in large quantities with minimal invasion procedures (Zuk et al., 2002) and maintain the potential of differentiation into adipocytes. These features make these cells ideal candidates for use in cell therapy (Spangenberg et al., 2013) . A better understanding of the specific mechanisms that regulate proliferation and differentiation of hASCs may yield information about how stem cells behave into an organism and suggest new strategies for therapy (Zhang et al., 2013) .
Metabolism, mainly energy metabolism, plays an important role in dictating whether a cell proliferates, differentiates or remains quiescent and some metabolic pathways are known to determinate cell fate (Shyh-Chang et al., 2013) . Metabolic modulation of adult stem cells can maintain stem cell potency (Zhang et al., 2013) or direct adult stem cell differentiation into specific cell types (Shyh-Chang et al., 2013) .
In contrast to differentiated cells, stem cells appear to rely mainly on glycolysis to generate ATP (Rafalski et al., 2012) . Studies analyzing energy metabolism of adult stem cells have focused on oxygen consumption (Pattappa et al., 2011) and mitochondrial activity (Zhang et al., 2013) . Furthermore, there is an increased production of reactive oxygen species (ROS) as well as a dramatic change in antioxidant enzymes expression in differentiating cells (Rajasekhar and Vemuri, 2009 ). However, the metabolic changes that occur in early differentiation remain unclear. Knowledge of all steps of hASCs differentiation is essential to develop applications in regenerative medicine and tissue engineering, just as the understanding of the metabolism of embryos led to the development of in vitro fertilization during the 1960s (Shyh-Chang et al., 2013) .
Here, we used adipogenic differentiation as a model to verify if a minimum period of differentiation induction is enough to change oxidative and energy metabolic profile. Knowledge of the adipogenic differentiation mechanisms is important to the discovery of new targets to treat obesity-related disorders (Liu et al., 2012) . Adipogenesis is committed after three days of induction and gene expression analysis of this process shows differences in energetic metabolic profile after this short period, in comparison to control cells ( Fig. 1) (Spangenberg et al., 2013) . For this reason, we investigated mitochondrial activity, ROS generation and antioxidant systems during early adipogenic Stem Cell Research 17 (2016) [413] [414] [415] [416] [417] [418] [419] [420] [421] differentiation in order to understand the initial changes in cell metabolism that occur in response to the differentiation induction.
Materials and methods
2.1. Isolation, culture and differentiation of hASCs hASCs, a fraction of which are stem cells, were obtained from adipose tissue from obese human donors. All samples were collected with previous consent, in accordance with the guidelines for research involving human subjects, and with the approval of the Ethics Committee of Fundação Oswaldo Cruz, Brazil (protocol 419/07). hASCs were isolated, cultured and characterized as previously described (Rebelatto et al., 2008) . Briefly, 100 ml of adipose tissue was washed in sterile phosphate-buffered saline (PBS) (Gibco Invitrogen®). A one-step digestion by 1 mg • ml − 1 collagenase type I (Invitrogen) was performed for 30 min at 37°C during permanent shaking, followed by a filtration step through a 100 mesh filter (BD FALCON, BD Biosciences® Discovery Labware, Bedford, MA, USA). The cell suspension was centrifuged at 800g for 10 min, and erythrocytes were removed by lysis buffer, pH 7.3. The remaining cells were washed, filtered with a 40 μm mesh filter and then cultured at a density of 1 × 10 5 cells•cm −2 in T75 culture flasks with DMEM-F12 (Gibco Invitrogen®) supplemented with 10% FCS, penicillin (100 units •ml
) and streptomycin (100 μg•ml
) (routine medium). The culture medium was replaced 2 days after seeding, and then twice a week. hASCs were subcultured after reaching ≅ 80% confluence, utilizing 5 min trypsinization protocol (0.05% trypsin/ 0.02% EDTA, Invitrogen). Cell characterization was performed at passages 3 to 6 following the minimal criteria defined by Dominici et al. (2006) . All tests were performed with cell cultures at passages 3 to 6. For adipogenic differentiation, hASCs were treated with inducing medium consisting of DMEM-F12 supplemented with 500 μM isobutylmethylxanthine (IBMX), 1 μM dexamethasone, 200 μM indomethacin and 1 μg•ml −1 insulin (all from Sigma Aldrich), during 3 or 7 days, with medium replacement every 3 or 4 days; controls were not treated with inducing medium. For the assays, cells were washed twice with a calcium-and magnesium-free buffered saline solution (CMF-BSS), and detached from the flasks with trypsin/EDTA.
Oxygen consumption
Mitochondrial respiration was determined by measuring mitochondrial oxygen consumption in a high resolution Oxygraph-2k (OROBOROS Instruments, Innsbruck, Austria) using two chambers at 37°C under gentle agitation. DATLAB 4 software (OROBOROS Instruments) was used for data acquisition and analysis. Cell oxygen consumption rates were measured in DMEM medium (1 × 10 6 cells•- ) to inhibit in situ mitochondrial ATP synthase and reflected the oxygen consumption due to mitochondrial proton leakage (leak state -the oxygen uptake in the presence of oligomycin results from the re-entry of protons into the mitochondrial matrix). After that, the mitochondrial uncoupler carbonylcyanide-4-(trifluoromethoxy)-phenylhydrazone (1 μM FCCP) was added to determine the maximal electron chain activity in mitochondria (uncoupled state -the addition of a classical uncoupler promotes a significant increase in oxygen consumption). The oxygen flow in these states was corrected by the subtraction of non-mitochondrial respiration, which was obtained after addition of rotenone (1 μM) and antimycin (6 μg•ml −1 ) (inhibited state) (Gnaiger, 2001; Scandurra and Gnaiger, 2009; Brandt et al., 2014) . Results are expressed in pmol•s −1 (oxygen flux) per 1 × 10 6 cells.
Mitochondrial staining
Cells were washed in PBS and fixed with 4% paraformaldehyde. Mitochondria were stained with 100 nM MitoTracker Green FM (Life Technologies®) for 20 min at 37°C, protected from light, and nuclei were labeled with 4′,6-diamino-2-phenyl-indole (DAPI, Invitrogen®). Cells were observed under Nikon Eclipse E600 fluorescence microscope. All images were taken using the microscope 40× objective and analyzed using ImageJ software.
Mitochondrial membrane potential
To evaluate mitochondrial membrane potential, cells were incubated with 100 nM MitoTracker Red (Life Technologies®) and 50 μM Rhodamine 123 (Life Technologies®), for 15 min at 4°C (protected from light), washed and resuspended in PBS. Fluorescence intensity was measured on a FACSCanto flow cytometer (BD Biosciences, San Jose, CA) in 10 4 gated events and analyzed using FlowJo software.
Mitochondrial superoxide production
Cells were plated in UV-star microplates (Greiner -CELLSTAR®) and incubated with 50 μM MitoSOX Red (Molecular Probes®) for 10 min at 37°C (protected from light), washed and resuspended in PBS. Fluorescence intensity was determined at 510 nm excitation/580 nm emission wavelengths on a microplate reader (BioTek®).
ROS/hydrogen peroxide detection
Cells were incubated with 35 μM 2′,7′-dichlorofluorescin diacetate (DCFH-DA) for 5 min at 37°C (protected from light), washed and resuspended in PBS, as described by Eruslanov and Kusmartsev (2010) . Fluorescence intensity was measured on a FACSCanto flow cytometer (BD Biosciences, San Jose, CA) in 10 4 gated events and analyzed using FlowJo software. This method is not entirely specific for hydrogen peroxide, but as it is the main ROS involved in the conversion of DCFH-DA to fluorescent 2′,7′-dichlorofluorescein (DCF), we refer to this method herein as hydrogen peroxide detection.
NADPH oxidase inhibition
To evaluate the NADPH oxidase role in ROS production in early differentiation, cells were incubated with apocynin (Sigma-Aldrich®), a NADPH oxidase inhibitor (Sun et al., 2015) . Routine medium and differentiation medium were supplemented with apocynin (100 μM and 600 μM), added to cells and maintained during 3 days; DMSO was used as a negative control. After that, cells were processed for ROS detection analysis, as described in the item 2.6. Fluorescence intensity was measured on a FACSCanto flow cytometer (BD Biosciences, San Jose, CA) in 10 4 gated events and analyzed using FlowJo software.
Mean ± SEM *p b 0.05.
Non-protein thiols concentration
Cells were washed twice in PBS, centrifuged at 300g and suspended in ice-cold lysis buffer (15 mM Tris-HCl, 15 mM MgCl 2 , 300 mM NaCl, 1% Triton X-100; pH 7.4) for 10 min (5 × 10 5 cells • ml −1 ). Cell lysate was centrifuged at 12,000 g for 10 min and the supernatant was used to determine non-protein thiols (NPT) concentration, represented mainly by glutathione (GSH). An aliquot (150 μl) of the supernatant was added to the reaction medium (25 μl of 3 mM DTNB [5,5′-dithiobis-(2-nitrobenzoic acid)] plus 125 μl of methanol) and absorbance was determined at 412 nm on a microplate reader (BioTek®). NPT concentration was calculated using the molar extinction coefficient of DTNB (ε = 13,600
). Results are expressed in μM -SH per 5 × 10 5 cells.
Catalase activity
Cells were washed twice in PBS, centrifuged at 720g and homogenized in ice-cold buffer (20 mM Tris-HCl, 1 mM EDTA, 1 mM PMSF; pH 7.6) and sonicated for 30 min at 4°C. Cell lysate was centrifuged at 12,000 g for 30 min and an aliquot of the supernatant was used to determine the concentration of total proteins using the bicinchoninic acid assay, as described by Smith et al. (1985) . For catalase activity, 50 μl of the supernatant was added onto UV-star microplates (Greiner -CELLSTAR®), followed by 200 μl of reaction medium (30 mM H 2 O 2 ; 50 mM Tris-HCl; 0.25 mM EDTA; pH 8.0; 37°C). Absorbance decrease was immediately measured at 240 nm and 25 s intervals during 6,25 min (25 cycles) on a spectrophotometer (ULTROSPECT 4300 PRO). Enzyme activity was calculated using the molar extinction coeffi-
). Results are expressed in mmol H 2 O 2 degraded x min −1 × 10 6 cells.
Superoxide dismutase
Superoxide dismutase (SOD) activity was determined as described by Kono (1978) . Cells were washed twice in PBS, centrifuged at 720g and homogenized in ice-cold buffer (20 mM Tris-HCl; 1 mM EDTA; 1 mM PMSF; pH 7.6). Cell lysate was centrifuged at 12,000g for 20 min, 150 μl of supernatant was mixed with 50 μl of ethanol and a new centrifugation was performed in the same conditions. Clear supernatant (10 μl) was added onto a 96-well microplate, followed by 70 μl of 100 μM nitroblue tetrazolium (prepared in 0.05 mM EDTA) and 120 μl of 36.85 mM hydroxylamine sulfate (prepared in 182 mM sodium carbonate buffer, pH 10.2). Absorbance increase was measured at 560 nm and 30 s intervals during 30 min on a microplate reader (BioTek®). Results are expressed in Units × min −1 × 10 −6 cells.
Lipid peroxidation
Lipid peroxidation was determined using diphenyl-1-pyrenylphosphine (DPPP) (Okimoto et al., 2000) . Cells were plated in UV-star microplates (Greiner -CELLSTAR®) and incubated with 50 μM DPPP for 15 min at 37°C (protected from light) and washed twice in PBS. Fluorescence was determined at 351 nm excitation/380 nm emission wavelengths on a microplate reader (BioTek®).
Statistical analysis
Statistical procedures were performed in data obtained from at least three independent experiments carried out with hASCs from three different donors in biological replicates. Results are presented as mean ± SEM. The significance of the differences observed was evaluated by ANOVA, with Tukey's post hoc test. Values of p b 0.05 were considered as statistically significant.
Results

A metabolic switch from glycolysis to oxidative phosphorylation occurs in early adipogenic differentiation
Oxidative phosphorylation (OXPHOS) was analyzed during the initial steps of adipogenesis in order to evaluate the metabolic switch that occurs during hASCs differentiation. All accepted protocols use at least three days of strong induction to promote differentiation into adipocytes (Spangenberg et al., 2013) , so hASCs were incubated in the presence of adipogenic induction medium for 3 and 7 days. All the experiments described were performed with at least three samples of hASCs from different donors, all used in early passages. After 3 days of in vitro differentiation, the cells did not display clear changes in phenotype or accumulation of lipids in the cytoplasm, however, the expression of key adipogenic genes, FABP4 and PPARγ, was detected (Supplementary Table 1 ). After 7 days there was already a discreet presence of lipids in the cells and we confirmed the expression of adipogenic genes by qPCR ( Supplementary Figs. 1 and 2) .
We first evaluated the oxygen consumption rate by hASCs and only cells maintained for 7 days of induction presented an increase in oxygen consumption in the basal state (oxygen consumption in the absence of inhibitors or uncouplers), when compared to the control (Fig. 2B) ; 3-day induction had no effect on this parameter (Fig. 2A) . So, mitochondrial mass and membrane potential were assessed. Mitochondrial mass was not altered after 3 and 7-day differentiation induction (Fig.  3A) , but there was an increase in mitochondrial membrane potential after 7 days (Fig. 3B and C) . By this result, we can say that mitochondria became more active with 7 days of induction, and probably these cells are synthetizing ATP preferentially through OXPHOS instead of glycolysis. These results also show that cells alter their gene expression after a short period of induction, but the phenotypic changes only occur with a longer stimulus time.
3.2. ROS production is increased in the first days of induction, but mitochondria were not the source Cells induced for 3 days presented a higher production of hydrogen peroxide (Fig. 4) . ROS production could be determining in cell commitment to adipogenic differentiation, as previous studies showed (Liu et al., 2012; Zhou et al., 2014; Wang and Hai, 2015) . In addition, ROS source seems not to be mitochondria, since mitochondrial activity was similar to controls after 3 days of induction (Fig. 3C) , and there was no increase in mitochondrial superoxide anion production at the same time point (Fig. 6A) .
NADPH oxidase could be a ROS source in early differentiation
We asked if the ROS source in the first days of induction could be the NADPH oxidase family of proteins. For that, apocynin, an inhibitor of NADPH oxidase, was used to verify alterations in ROS production by hASCs after 3 days of adipogenic induction. We did not observe differences in ROS generation in the apocynin concentrations that were used (100 μM and 600 μM), as shown in Fig. 5 . Given that in the absence of the inhibitor ROS was increased (Fig. 4) , our results demonstrate a relation between ROS generation in the first days of induction and NADPH oxidase, and can indicate a role of these proteins in the commitment to adipogenic differentiation.
Antioxidant defenses change with hASCs adipogenic differentiation
Superoxide production was increased after 7 days of induction (Fig.  6A ) and hydrogen peroxide levels were altered after 3-day, but not 7-day induction (Fig. 4) . Mitochondria are the major source of intracellular ROS (Zhou et al., 2014) and it is possible that hydrogen peroxide had induced the antioxidant defense system after 3-day differentiation induction, so this system could avoid ROS accumulation during differentiation. To test this hypothesis, we evaluated the non-protein thiols (NPT) concentration (represented mainly by GSH), and the SOD and catalase activities, since these antioxidants provide the first line of defense against ROS. NPT concentration decreased after 3 (Spangenberg et al., 2013) and 7 days of induction, indicating redox challenge to cells and a cytoprotective response during differentiation (Fig. 6B) . Likewise, SOD activity was increased since the first days of adipogenic differentiation (Fig. 6C) . However, increase in catalase activity only occurred later, i.e. after 7 days of induction (Fig. 6D) .
Like NPT, lipid peroxidation decreased after induction (Fig. 6E ), which makes sense as GSH is required for detoxification of hydroperoxides generated by oxidative damage to lipids (Maddaiah, 1990) .
Discussion
Studies with hASCs have demonstrated that careful manipulation of oxidative metabolism can direct the differentiation of these cells into adipocytes (Shyh-Chang et al., 2013) . Thus, knowledge of all stages of differentiation of these cells, since the first days of induction, is of utmost importance to allow future applications. In this work, we used adipogenesis as a model in order to evaluate the changes in energy metabolism and redox milieu that occur in response to the early differentiation process. Adipogenic differentiation of hASCs is a complex phenomenon regulated on multiple levels and it is largely studied for the development of new targets to treat obesity-related disorders, for example (Wang and Hai, 2015) .
Previous studies assessing stem cell metabolism during differentiation have focused on glucose consumption and lactate production (Pattappa et al., 2011) and demonstrated that adult stem cells use glycolytic metabolism as the main pathway to synthesize ATP (Rafalski et al., 2012) . During adipogenic differentiation of hASCs, investigations about oxygen consumption have shown that it is increased when compared to undifferentiated control cells (Von Heimburg et al., 2005; Zhang et al., Fig. 2 . Oxygen consumption using Oxygraph-2k. Quantitative comparisons of oxygen consumption rate in response to differentiation stimulus. Cells were maintained in differentiationinducing conditions for three (A) and seven days (B). The oxygen consumption was rated in the different states of respiration that were defined as: basal state -oxygen consumption in the absence of inhibitors or uncouplers; leak state -the oxygen uptake in the presence of oligomycin results from the re-entry of protons into the mitochondrial matrix; uncoupled state -the addition of a classical uncoupler promotes a significant increase in oxygen consumption; inhibited state -non-mitochondrial respiration, which was obtained after addition of inhibitors. Means ± SEM *p b 0.05. 2013). Unlike the previous studies, our work provides an assessment of the oxygen consumption by cells during the first days of differentiation.
We observed that 3 days of induction to adipogenic differentiation is not enough to change the oxygen consumption by hASCs. However, in 7 days of induction, the oxygen consumption is elevated in the basal state. Moreover, we assessed maximal oxygen consumption with the mitochondrial uncoupler FCCP (Zhang et al., 2013) . Upon adipogenic differentiation, hASCs exhibited the same FCCP response that undifferentiated cells, suggesting that they still had not acquired maximum oxygen intake capacity. Our results also show that cells behave differently after maintenance in culture for different times. By comparing the control groups, differences in the basal oxygen consumption rate after 3 and 7 days are observed.
Recent discoveries have suggested crucial roles of mitochondria in the maintenance of potency and cell differentiation (Xu et al., 2013) .
Mitochondrial mass did not undergo changes with the induction stimulus for 3 and 7 days, but the organelle activity was increased after 7 days of differentiation, which can be related to the oxygen consumption rate. Thus, there is a switch from glycolytic metabolism to oxidative metabolism after 7 days of induction, and the cells begin to display higher mitochondrial activity, increasing OXPHOS. Gene expression analysis (Spangenberg et al., 2013) (Fig. 1) showed a transition from glycolytic to oxidative metabolism energy after induction for three days, but we observed that more time is needed to detect switches in cell phenotype.
Many authors suggest that an increased production of ROS in the beginning of differentiation is an essential factor for adipogenesis (Liu et al., 2012; Zhou et al., 2014; Wang and Hai, 2015) . ROS could, in small quantities, act in cell signaling (Mc Bride et al., 2006; Zhang and Gutterman, 2007) and influence the function of several proteins involved in adipogenesis (Lowe et al., 2011) . One of the reasons for that could be the suppression of pathways involved on osteoblast differentiation (Atashi et al., 2015) . Mitochondria are the major source of intracellular ROS as a result of mitochondrial ETC activity (Zhou et al., 2014) and here we observed an increased mitochondrial activity in 7 days of adipogenic differentiation. We also analyzed ROS production by cells and, surprisingly, an increased production of ROS (hydrogen peroxide) was only detected in 3 days of induction, which may represent a stimulus for differentiation and can be related to cell commitment to adipogenesis. For 7 days of induction, however, ROS levels were the same as in the control group, showing that the antioxidant defenses were possibly stimulated in the cell.
Thus, the presence of ROS is important in the first steps of adipogenesis, but not in excess, since high concentrations may result in oxidative stress and cell damage. Here we only detected ROS in the first days of stimulus, followed by a return to control levels, indicating a cytoprotective activity. To confirm this hypothesis, we evaluated the NPT/GSH concentration and SOD and catalase activities, three essential antioxidants for redox milieu regulation (Zhou et al., 2014) . The NPT concentration was lower for the induced cells (3 and 7 days), indicating the presence of high levels of ROS and oxidative stress (Spangenberg et al., 2013) . SOD activity was significantly higher in induced cells, since the first days of differentiation, but catalase (CAT) activity was increased only after 7 days of induction. The SOD-CAT system usually work together, with SOD converting superoxide in hydrogen peroxide and CAT degrading it to water and molecular oxygen. SOD is widely distributed in cell compartments, but catalase is mainly peroxisomal in mammals (Glorieux et al., 2015) . Thus, the increase of catalase activity and decrease of hydrogen peroxide after 7 days of induction is a preliminary evidence of the involvement of peroxisomes in ROS production and in the process of differentiation into adipocytes. Lipid peroxidation can be initiated by hydroxyl radicals produced through Fenton and Harber-Weiss reactions (Das et al., 2015) . Considering that lipid peroxidation decreased after 3 and 7 days of induction, efficient cytoprotective activity acted shortly after the differentiation stimulus initiation. In cells, the threshold between physiological/signaling levels of ROS and pathological ones is an increase in lipid oxidation (Singh et al., 2015) . Thus, ROS produced in the first steps of differentiation may be at a signaling level.
ROS required for the commitment of differentiation may have come from other sources that not mitochondria, such as NADPH oxidase (NOX) (Kanda et al., 2011) and peroxisomes, since we observed an increase in ROS production but not in mitochondrial activity and mitochondrial superoxide generation in early stages of differentiation. ROS, as second messengers, are predominantly generated by the NOX family of proteins in the form of superoxide, a short-lived type of ROS (Pendyala and Natarajan, 2010) . Taken together, our data suggest that NOX could be the source of ROS after 3-day induction of differentiation; in addition, SOD activity was also increased at day 3. To test our hypothesis, we used apocynin (Sigma-Aldrich®) as a NADPH oxidase inhibitor (Sun et al., 2015) and we measured ROS generation using DCFH-DA, as previously described. Cells treated with apocynin and induced to differentiation did not show alteration in ROS generation at the same time point when compared to control cells (Fig. 5) , supporting our idea. In summary, we believe that superoxide can be produced by NOX and converted to hydrogen peroxide by SOD, and these events are leading to cytoprotection mechanisms that act avoiding oxidative stress and ROS deleterious effects.
Conclusions
Seven days of induction to adipogenic differentiation promotes a transition from glycolytic metabolism to OXPHOS. During this period, induced cells showed an increment in oxygen consumption, suggesting a stimulus for oxidative phosphorylation in these cells. The NPT concentration in cells induced to differentiation is lower than in the control group and shows that conversion of hASCs into adipogenic cells promotes oxidative stress. The higher production of hydrogen peroxide by hASCs is only observed in 3 days of induction, and this increase can be related to the commitment of differentiation. ROS source in the beginning of adipogenic differentiation could not be the mitochondria and our results show that the NADPH oxidase family of proteins can be involved in this process. Hydrogen peroxide production by cells induced for 7 days did not change when compared to the control, demonstrating that this time is necessary for an upregulation of antioxidant enzymes, such as catalase. In summary, a short period of differentiation induction is able to change the energetic and oxidative metabolic profile of these cells as well as stimulate cytoprotection processes (Fig. 7) .
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.scr.2016.09.001.
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